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Muscular dystrophya b s t r a c t
Deﬁcits in skeletal muscle function exist during aging and muscular dystrophy, and suboptimal function
has been related to factors such as atrophy, excessive inﬂammation and ﬁbrosis. Ineffective muscle
regeneration underlies each condition and has been attributed to a deﬁcit in myogenic potential of res-
ident stem cells or satellite cells. In addition to reduced myogenic activity, satellite cells may also lose the
ability to communicate with vascular cells for coordination of myogenesis and angiogenesis and restora-
tion of proper muscle function. Objectives of the current study were to determine the angiogenic-pro-
moting capacity of satellite cells from two states characterized by dysfunctional skeletal muscle repair,
aging and Duchenne muscular dystrophy. An in vitro culture model composed of satellite cells or their
conditioned media and rat adipose tissue microvascular fragments (MVF) was used to examine this rela-
tionship. Microvascular fragments cultured in the presence of rat satellite cells from adult muscle donors
(9–12 month of age) exhibited greater indices of angiogenesis (endothelial cell sprouting, tubule forma-
tion and extensive branching) than MVF co-cultured with satellite cells from aged muscle donors
(24 month of age). We sought to determine if the differential degree of angiogenesis we observed in
the co-culture setting was due to soluble factors produced by each satellite cell age group. Similar to
the co-culture experiment, conditioned media produced by adult satellite cells promoted greater angio-
genesis than that of aged satellite cells. Next, we examined differences in angiogenesis-stimulating ability
of satellite cells from 12 mo old MDX mice or age-matched wild-type mice. A reduction in angiogenesis
activity of media conditioned by satellite cells from dystrophic muscle was observed as compared to
healthy muscle. Finally, we found reduced gene expression of hypoxia-inducible factor 1a (HIF-1a)
and vascular endothelial growth factor (VEGF) in both aged and dystrophic satellite cells compared to
their adult and normal counterparts, respectively. These results indicate that functional deﬁcits in satel-
lite cell activities during aging and diseased muscle may extend to their ability to communicate with
other cells in their environment, in this case cells involved in angiogenesis.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
Healthy adult skeletal muscle demonstrates the remarkable
capacity to adapt to trauma and injury via muscle regeneration
and repair. This ability is largely attributed to the stem cell within
adult skeletal muscle called satellite cells [1]. Such myogenic cells
lie in quiescence until activated by a stress-related event such as
injury. Once activated, satellite cells undergo multiple rounds of
proliferation where some cells ultimately differentiate into muscletissue while others return to quiescence to replenish and thus
maintain the satellite cell pool [2]. Studies involving satellite cell
biology have traditionally investigated myogenic properties, how-
ever recent studies demonstrate signiﬁcant cross-talk between
muscle precursor cells and vascular cells including the capacity
for satellite cells to stimulate angiogenesis from pre-existing vas-
cular segments [3,4]. Classical studies have indicated that spatial
and temporal coordination of myogenesis as well as angiogenesis
must occur in order to avoid the development of ﬁbrosis and
achieve functional muscle repair [5–7].
Aging or disease states, such as Duchenne muscular dystrophy,
signiﬁcantly alter the regenerative capacity of skeletal muscle
[8,9]. The causes of this diminished regenerative capacity are likely
to be numerous, but a common factor to both conditions is an
alteration in the absolute number of satellite cells [10,11] as well
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the role of intrinsic versus extrinsic factors during the weakened
regenerative response is not evident in the literature [14,15]. How-
ever, a contributing factor to the reduced ability for skeletal muscle
regeneration may involve satellite cell senescence that follows
numerous bouts of activation and proliferation [14,16].
While numerous studies have been conducted looking at the
diminished myogenic capacity of satellite cells in aging and disease
states, other satellite cell attributes may underlie the delayed or
defective skeletal muscle regeneration. Satellite cells appear capa-
ble of contributing to the revascularization of damaged muscle tis-
sue by secreting soluble proteins known to be angiogenic in nature,
such as VEGF [4]. Indeed, both dystrophic and aged muscle exhibit
reduced capillary density [17,18]. Taken together, it is conceivable
that there is not only a diminished myogenic capacity in satellite
cells, but also a diminished angiogenic capacity contributing to
an overall decrease in capillary density within the muscle and a de-
lay in return to a fully functional state.
We hypothesized that satellite cells from aged or dystrophic
skeletal muscle would exhibit a reduced capacity to stimulate
angiogenesis. In order to examine the angiogenic potential of aged
or dystrophic satellite cells, we utilized a three-dimensional micro-
vascular fragment (MVF) construct combined with satellite cell
conditioned media. Data herein indicate a diminished angiogenic
response from satellite cells that were isolated from muscles with
reduced regenerative competence. This intrinsic defect may be an
important factor in the diminished revascularization that accom-
panies aged or dystrophic muscle and may represent a promising
target for therapeutic intervention in the future.2. Materials and methods
2.1. Materials
All animal care and use was conducted according to National
Research Council guidelines and under the supervision of the Uni-
versity of Arizona Institutional Animal Care and Use Committee. In
the following experiments, 9 or 24 month-old male Sprague Daw-
ley rats and 14–15 month old dystrophic (C57BL/10ScSn-Dmdmdx/
J) and age-matched control (C57BL/10ScSn) mice (The Jackson Lab-
oratory, Bar Harbor, ME) were used. Cell culture medium and fetal
bovine serum (FBS) were purchased from Hyclone (Logan, Utah).
2.2. Satellite cell isolation and culture
Satellite cells were isolated according to Allen et al. [19] and
Rathbone et al. [20]. Brieﬂy, muscle groups from the hind limb
and back were excised, trimmed of fat and connective tissue, hand
minced with sterile scissors and digested for 1 h at 37 C with
1.25 mg/ml pronase. Cells were separated from muscle ﬁber frag-
ments and tissue debris by differential centrifugation and plated
in tissue culture dishes coated with 20 ll/cm2 poly-lysine
(0.1 mg/ml in distilled water; Sigma, St. Louis, MO) and a 10 lg/
ml solution of ﬁbronectin (Sigma) in sterile phosphate buffered sal-
ine (PBS). Following isolation, satellite cells were cultured for 48 h
prior to re-seeding at equal cell densities in tissue culture dishes
for co-culture or conditioned medium collection experiments (de-
scribed below).
2.3. In vitro microvascular fragment culture model
Microvascular fragments (MVFs) were isolated from male rats
as previously described [4,21] with slight modiﬁcations. Brieﬂy,
epididymal fat pads collected from euthanized rats were minced
and digested in a collagenase solution [2 mg/ml in PBS containing0.1% bovine serum albumin (BSA)] for 8–10 min. MVFs were pel-
leted by centrifugation, washed and resuspended in PBS containing
0.1% BSA. Isolation of MVF from tissue debris and single cells was
achieved by differential selection through a 500 and 30 lm screen,
respectively. MVFs were suspended in ice–cold, pH-neutralized rat
tail type I collagen [3 mg/ml ﬁnal concentration using 2.5 Dul-
becco’s Modiﬁed Eagle Medium (DMEM)] at approximately
15,000 MVF/ml for plating (0.25 ml/well) in 48-well culture plates.
Following collagen polymerization, an equal volume of media
(DMEM containing 2% FBS or satellite cell conditioned media)
was added.
Angiogenic growth of MVFs in collagen gels is characterized by
the formation of smooth vascular sprouts that are morphologically
distinct from the rough, smooth-muscle associated appearance of
the parent vessel [4,22]. The sprouting assay has been described
previously [22]. Brieﬂy, images of phase contrast microscopic ﬁelds
(10 or 20) of selected fragments from each gel were captured
using a digital camera. Vessel sprout length was determined by
measurement of a line traced along each sprout using the com-
puter program ImageJ 1.32s (National Institutes of Health, USA).
During measurement of sprout length, the number of sprouts per
parent fragment was also recorded. Selection of fragments was
based on two criteria: (1) fragment and sprouts must be physically
independent of neighboring fragments; (2) the parent fragment
must be clearly distinct. Sprout length and number were averaged
from replicate experiments within each treatment group and in-
cluded a minimum of 30 sprouts per treatment.
2.4. Co-culture model
An in vitro co-culture model composed of satellite cells and MVF
was used as described previously [4]. Isolated MVF were sus-
pended in pH-neutralized rat tail type I collagen (3 mg/ml ﬁnal
concentration using 2.5 DMEM) at approximately 15,000 MVF/
ml for plating (0.25 ml/well) in 48-well culture plates over a satel-
lite cell monolayer (at 50% conﬂuency) and cultured in DMEMwith
2% FBS.
2.5. Collection of satellite cell conditioned medium
Conditioned media (CM) was collected from satellite cells as de-
scribed previously [4]. Following isolation, satellite cells were cul-
tured for 48 h prior to re-seeding at equal cell densities in tissue
culture plates. Brieﬂy, plates were rinsed twice with pre-CM
(DMEM + 0.1% penicillin/streptomycin + 1 insulin/transferrin/
selenium (ITS); Cambrex Bio Science, Walkersville, Maryland) to
remove residual serum. Following rinses, cells were cultured in
pre-CM for 24 h, the medium was removed, and centrifuged for
5 min at 1500g to remove any cellular debris. Conditioned med-
ium was concentrated 10-fold (10) using conical ﬁlter units
(10,000 molecular weight cut-off, Amicon Ultra Centrifugal Filter
Devices, Millipore, Bedford, Massachusetts). Pre-conditioned med-
ium that was not used on cells was also placed in conical ﬁlter
units for control conditions. The medium was then ﬁltered using
Steriﬂip Filter Units (0.22 lm, Millipore, Bedford, Massachusetts)
and FBS was added to each type of medium to a ﬁnal concentration
of 2%. The medium was then added to MVFs or stored at 4 C for
less than 2 weeks.
2.6. Analysis of gene expression
Analysis of gene expression was performed as described previ-
ously [4]. Brieﬂy, total RNAwas isolated fromcells using theQIAGEN
RNeasyMini Kit (QIAGEN, Germantown,Maryland)with on-column
DNase digestion to remove genomic DNA contamination. Quantity
and quality of RNA was assessed by absorbance at 260 nm and
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cules, CA). Total RNA (500 ng) was reverse-transcribed using Super-
Script™ III First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, California). Real-time SYBR green PCR assays were per-
formed with rat-speciﬁc primers for VEGF (forward primer: 5-act-
ccagggcttcatcattg-3, reverse primer: 5-aattgagaccctggtggaca-3),
HIF-1a (forward primer: 5-TGCTCATCAGTTGCCACTTC-3, reverse
primer: 5-CCATCCAGGGCTTTCAGATA-3), and HPRT (forward pri-
mer: 5-GTCTGTTGCTGCGTCCCTTT-3, reverse primer: 5-
CTGTCTGTCTCACAAGGGAAGTG-3) or mouse-speciﬁc primers for
VEGF (forward primer: 5-CACGACAGAAGGAGAGCAGAA-3, reverse
primer: 5-CGCTGGTAGACGTCCATGA-3), HIF-1a (forward primer:
5-CAACGTGGAAGGTGCTTCA-3, reverse primer: 5-TGAGGTTGGT-
TACTGTTGGTATCA-3), and HPRT (forward primer: 5-
AAACTTTGCTTTCCCTGGTTA-3, reverse primer: 5-AGGCTTTG-
TATTTGGCTTTTC-3). PCR reactions were performed in a 25 ll vol-
ume using iQ™ SYBR Green Supermix (Bio-Rad Laboratories, Inc.,
Hercules, California). Reactions contained 1 ll primer set and di-
luted cDNA (5 ng). PCRquantiﬁcationof each samplewas performed
in triplicate and SYBER Green ﬂuorescence was quantiﬁed with the
iQ5 Real Time PCR Detection System (Bio-Rad Laboratories, Inc.).
For each assay 40 PCR cycles were run and a dissociation curve
was included to verify the ampliﬁcation of a single PCR product.
Analyses of ampliﬁcation plotswere performedwith the iQ5Optical
System Software version 2.0 (Bio-Rad Laboratories, Inc.). Data were
analyzed using a ﬁve point relative standard curve generated using
serial 10-fold dilutions of cDNA prepared and pooled from experi-
mental samples. Each assay plate contained negative controls and
a standard curve (ﬁve serial dilutions of a pool cDNA sample) to
determine ampliﬁcation efﬁciency of the respective primerpair. Un-
known sample expression was then determined from the standard
curve, normalized for HPRT expression and expressed relative to
adult or control (wild-type) expression.3. Results
Satellite cells have been previously demonstrated to cause angi-
ogenesis using a three dimensional microvascular fragment model
[4]. In order to investigate age-related alterations to satellite cell-
mediated angiogenesis, we employed this co-culture model using
satellite cells and MVFs isolated from adult and aged hosts. Adult
satellite cells elicited a greater angiogenic response (endothelial
cell sprouting, tubule formation, and extensive branching) than
aged satellite cells, irrespective of the age of MVF examined
(P < 0.05; Fig. 1A). Next, we sought to determine if the differential
angiogenesis observed was due to soluble factors produced by sa-
tellite cells or direct participation of cells from the satellite cell
preparation, we cultured MVF in the presence of adult (9 month)
or aged (24 month) satellite cell conditioned medium (CM) har-
vested from proliferating cells of equivalent cell number. Adult sa-
tellite cell CM was more effective in promoting MVF growth than
aged satellite cell CM (P < 0.05; Fig. 1B), indicating that satellite cell
secretion of soluble-acting angiogenic factor(s) is altered by age.
The basis for the reduced angiogenic capacity of aged satellite
cells is unclear; however, one possibility may involve activation
of the transcription factor HIF-1 that drives a cascade of pro-angio-
genic processes such as production of vascular endothelial growth
factor (VEGF). To determine if this cascade is affected by aging in
satellite cells, HIF-1a and VEGF gene expression was determined
in adult and aged proliferating satellite cells. Aged satellite cells ex-
hibit a lower abundance of HIF-1a and VEGF mRNA (P < 0.05;
Fig. 2).
Dystrophic skeletal muscle is marked by ﬁbrotic lesions and re-
duced vascularity despite extensive satellite cell activity [9]. To
determine if satellite cells from dystrophic muscle have a reducedpropensity to stimulate angiogenesis, we collected conditioned
media from MDX or wild-type satellite cells for use in the MVF
angiogenic assay using the same protocol as with aging satellite
cells, above. Both sprout length and number were reduced in
MVF exposed to CM from MDX satellite cells compared to wild-
type (P < 0.05; Fig. 3).
Finally, we chose to investigate HIF-1a and VEGF gene expres-
sion in dystrophic and wild-type satellite cells to determine if
alteration of this pathway may underlie the angiogenic deﬁciencies
similar to that for aging above. Abundance of HIF-1a and VEGF
mRNA were decreased in proliferating satellite cells from the dys-
trophic muscle compared to wild-type (P < 0.05; Fig. 4) indicating
that a dystrophic muscle environment diminishes satellite cell
angiogenic capacity, partly through a mechanism involving de-
creased VEGF expression.4. Discussion
In the current study we derived satellite cells from skeletal
muscle of aged rats and mdx mice, two distinct models for condi-
tions characterized by pathophysiological derangement in skeletal
muscle architecture. In each condition, a component of the altered
architecture involves remodeling of the skeletal muscle vascula-
ture resulting in a reduced capillary network [17,18]. The altered
vasculature within the muscle niche may involve satellite cells gi-
ven that these stem cells normally lie in close proximity to capillar-
ies and cross-talk between myogenic and angiogenic cell types is
evident [3,4,23]. In support of this notion, we observed that both
aged and dystrophic-derived satellite cells exhibited a decreased
ability to induce angiogenesis. These data are consistent with
intrinsic changes within the satellite cell that alter its functionality.
In the case of aged individuals this is an important distinction since
potential changes in satellite cell number cannot be causally linked
to poor regeneration due to variable reports of enumeration in
aged muscle (reviewed in [14]). It is not clear, however, if the lost
angiogenic function is an inherent defect within the satellite cell or
a response to extrinsic factors within the stem cell niche.
The mdx mouse model used in these studies, like human dys-
trophy, is an X-linked myopathic mutant, which lacks the dystro-
phin protein [24,25]. Interestingly, in young and adult mdx mice,
there is continuous muscle ﬁber necrosis but this is compensated
by vigorous regeneration leading to hypertrophic muscles. How-
ever, in older mdx mice regeneration declines leading to abnormal
muscle ﬁber morphology, muscle degeneration, skeletal muscle
necrosis, and abnormal muscle physiology [26–28]. Consistent
with these observations, there is a reduced number of satellite cells
in dystrophic muscle and the remaining satellite cells appear to
have diminished myogenic capacity [10,13,29,30]. Our data indi-
cate that satellite cells derived from dystrophic muscle alter the
secretion of soluble factors that promote angiogenesis and this is
associated with a reduced HIF-1 and VEGF gene expression pro-
ﬁles. Other studies have shown that administration of recombinant
VEGF adeno associated virus into dystrophic skeletal muscle im-
proved pathophysiology of the mdx mouse including increased
capillary density, a decrease in necrotic ﬁber area and an increase
in regenerating ﬁber area [31]. A more recent study speciﬁcally
overexpressed VEGF in muscle-derived stem cells using retroviral
expressing vectors and found an increase in skeletal muscle repair
through increased angiogenesis in mdx skeletal muscle [32]. Taken
together, it appears that the reduced VEGF gene expression in sa-
tellite cells from mdx mice may be a contributing factor to the
reduction in capillary density previously observed in dystrophic
muscle and thus the ability to restore VEGF expression may pro-
vide a promising area for future therapeutic intervention.
Fig. 1. Effect of rat age on satellite cell stimulation of in vitro angiogenesis. Panel A: satellite cell cultures were prepared from adult (9 month) and aged (24 month) rats and
seeded at the same density. At 48 h post-plating, microvascular fragments (MVF) from adult and aged rats were prepared, embedded in collagen and layered over satellite cell
monolayers for 5 days. After 5 days of co-culture, MVF images were captured and angiogenesis quantiﬁed. Left: bars represent mean sprout length ± SE. Right: bars represent
mean sprout number ± SE. Panel B: promotion of in vitro angiogenesis by conditioned medium from secondary cultures of proliferating satellite cells isolated from aged or
adult rat skeletal muscle. Microvascular fragments (MVF) were cultured with satellite cell-derived conditioned medium (CM) of satellite cell cultures prepared from adult
(9 month) and aged (24 month) rats and seeded at the same density. Left: bars represent mean sprout length ± SE. Right: bars represent mean sprout number ± SE. Bars with
different letters differ at P < 0.05.
Fig. 2. Modulation of hypoxia-inducible factor-1a (HIF-1a, left panel) and vascular endothelial growth factor (VEGF, right panel) gene expression in secondary cultures of
proliferating rat satellite cell (RSC) isolated from adult (9 month) and aged (24 month) rat skeletal muscle. Cells were cultured for 48 h prior to RNA isolation and real-time
PCR analysis. For each gene, mRNA abundance is normalized to the housekeeping gene HPRT and expressed relative to adult expression. Bars with different letters differ at
P < 0.05.
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ity of satellite cells from aged muscle to properly stimulate angio-
genesis whether in close proximity to the microvascular fragments
or via the production of soluble factors. In addition, our observa-
tion that VEGF mRNA abundance is reduced in aged satellite cells
is consistent with prior work indicating a deﬁcit in VEGF and other
angiogenic factors from aged skeletal muscle [18,33]. These obser-
vations take on additional importance when viewed in the contextof a recent report by Lee et al. [15] examining the ability of aged
skeletal muscle to fully regenerate a functional architecture. The
investigators demonstrated that the regenerative response from a
muscle injury involving damage to the neurovascular supply was
delayed and less effective. Although their focus was on net out-
come and not the regenerative process per second, our data pro-
vide a potential mechanism underlying potential age-related
differences in the regenerative capacity of the skeletal muscle
Fig. 3. Promotion of in vitro angiogenesis by conditioned medium from secondary cultures of proliferating satellite cells isolated from dystrophic or wild-type mouse skeletal
muscle. Microvascular fragments (MVF) were cultured with satellite cell-derived conditioned medium (CM) of satellite cell cultures prepared from dystrophic (MDX) and
control (wild-type) mouse skeletal muscle and seeded at the same density. Left: bars represent mean sprout length ± SE. Right: bars represent mean sprout number ± SE. Bars
with different letters differ at P < 0.05.
Fig. 4. Modulation of hypoxia-inducible factor-1a (HIF-1a, left panel) and vascular endothelial growth factor (VEGF, right panel) gene expression in primary mouse satellite
cell cultures isolated from dystrophic (MDX) and control (wild-type) mouse skeletal muscle. Cells were cultured for 48 h prior to RNA isolation and real-time PCR analysis. For
each gene, mRNA abundance is normalized to the housekeeping gene HPRT and expressed relative to control expression. Bars with different letters differ at P < 0.05.
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of soluble factors, both pro- and anti-angiogenic, involved in satel-
lite cell-mediated angiogenesis with aging.
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